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ABSTRACT
The investigation of materials under extreme pressure conditions requires high-performance cells whose design invariably
involves trade-offs between the maximum achievable pressure, the allowed sample volume, and the possibility of real-time pres-
sure monitoring. With a newly conceived hybrid piston-clamped anvil cell, we offer a relatively simple and versatile system,
suitable for nuclear magnetic resonance experiments up to 4.4 GPa. Finite-element models, taking into account mechanical and
thermal conditions, were used to optimize and validate the design prior to the realization of the device. Cell body and gaskets
were made of beryllium-copper alloy and the pistons and pusher were made of tungsten carbide, while the anvils consist of zir-
conium dioxide. The low-temperature pressure cell performance was tested by monitoring in situ the pressure-dependent 63Cu
nuclear-quadrupole-resonance signal of Cu2O.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5059391
I. INTRODUCTION
Pressure is a versatile parameter to reversibly tune the
structural and electronic properties of numerous types of
materials, as well as to explore their phase diagrams.1 From
1960s up to present, a large number of studies have shown
that pressure can induce or significantly affect superconduc-
tivity and/or magnetic order of both simple and complex
materials. For example, elemental cerium2 or MnP3 adopt a
magnetically ordered ground state at ambient pressure but
turn into superconductors at 5 and 8 GPa, respectively.
More recently, theoretical calculations4–6 suggested that, in
magnetically frustrated and strongly spin-orbit coupled
oxides, external pressure may induce a quantum-spin-liquid
state, thus triggering a flurry of experimental studies of com-
pounds such as α–RuCl3,7 the α- and β-phases of Li2IrO3,8,9
and Na2IrO3.10 Finally, pressure plays a significant role in the
attempts to achieve room-temperature superconductivity. In
particular, pressure-induced metallization and superconduc-
tivity were reported in hydrogen-based materials, such as
H3S11 and LaH10,12 the latter exhibiting a remarkable Tc of
215 K.13 From the technical perspective, record pressures up
to 1400 GPa were achieved to investigate the high-pressure
properties of diamond.14
The design of efficient pressure cells is always a chal-
lenging task.15 The most intuitive layout of a piston-clamped
device, even using the most appropriate materials, such as
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beryllium-copper (BeCu), NiCrAl, and MP35N alloy (35% Ni,
35% Co, 20% Cr, and 10% Mo), exhibits an upper pressure
limit pcr of 3 GPa.15 To overcome this limit, double-wall
piston-clamped systems were developed, for instance, with a
NiCrAl inner body and a BeCu outer sleeve. Yet, the intrin-
sic mechanical properties of the used materials still do not
allow pressure values above 4 GPa.16 Higher pressure regimes
can be achieved through a different design, resulting in severe
restrictions to the size of the sample to be investigated. A
more sophisticated approach, which uses anvil cells to reach
higher pressures, was pioneered by Bridgman more than 100
years ago.17 In this design, two anvils, typically with the shape
of truncated cones, squeeze a gasket containing the sam-
ple and a suitable pressure-transmitting medium. Although
higher pressures substantially exceeding pcr can be achieved,
the allowed sample size is severely reduced. For both designs,
adaptations to cope with additional requirements, such as
direct electrical contacts or optical access, are possible. Sim-
ple contacts for measuring the electrical conductivity up to
40 GPa may be implemented without major difficulties in a
Bridgman cell.18 Optical access is achieved by employing dia-
mond anvils, and gaskets with holes, with diameters varying
from 1 mm to 1 µm.15 More demanding requirements arise
when additional components have to be installed inside the
sample space, i.e., in the hole of the gasket, such as radio-
frequency (RF) micro-coils for nuclear magnetic resonance
(NMR) experiments. In early attempts of this kind, the nec-
essary coil or split coil was wound around the anvils and the
gasket, thus allowing measurements at pressures up to 5.2 and
8.3 GPa.19,20 In this configuration, the obvious drawback is
a low filling factor and, hence, a poor signal-to-noise ratio
(SNR). More recently, NMR studies up to 10 GPa could be
performed using NiCrAl-based pressure cells, with a design
that locates the RF micro-coil inside the bore of the gas-
ket and an additional loading setup which uses argon as a
pressure-transmitting medium.21–23 Finally, with technically
very demanding solutions, including composite gaskets and
Lenz electromagnetic lenses in toroidal diamond-indenter
cells, record pressures up to 90 GPa could be achieved.24–26
In this paper, we describe the design and testing of a rel-
atively simple and versatile pressure cell, suitable for NMR
experiments up to 4.4 GPa. The distinguishing feature of our
approach is the use of thermomechanical analyses to optimize
the piston-clamped anvil-cell design by means of detailed cal-
culations of deformation, stress, and strain. To reach pres-
sures above pcr, the realized solution employs the strength of
piston-clamped systems augmented by the anvil-based tech-
nology. In order to enhance the SNR, and thus utilize also
less-sensitive nuclei as local probes, we place the micro-coil
inside the tiny sample space.
To validate the design, a 3D geometrical model of the
pressure cell was developed with Autodesk Inventor®, a
widely used 3D computer-aided design (CAD) tool. The ther-
momechanical response of the cell was simulated through
finite-element analysis (FEA) using the ANSYS® software. The
simulations allowed us to control the plastic deformations
of the anvil-gasket system, to optimize the dimensions of
key components, and to avoid significant deformations of the
internal RF micro-coil.
To monitor the pressure in situ, most of the current
designs employ the ruby-fluorescence method.27 Despite its
accuracy, this imposes the use of optically transparent (dia-
mond) anvils. In our design, instead, the pressure is moni-
tored via the 63Cu nuclear-quadrupole-resonance (NQR) sig-
nal of Cu2O.28,29 This choice has the advantage of using ZrO2
anvils, more easily obtained commercially and less expensive
than diamond, while still providing a high compressive-yield
strength.
II. DESIGN AND TECHNOLOGY OF THE HYBRID
PRESSURE CELL
A. Cell design and preparation
The hybrid piston-clamped anvil cell, shown in Fig. 1,
consists of a system, whose body and locknuts are made
of hardened BeCu alloy (at 315 ◦C, for 3 h, in argon atmo-
sphere) to increase the yield strength. The tungsten carbide
(WC) pusher has a circular cross section with a 10-mm diam-
eter. Once the pusher is loaded with a force varying between
0 and 20 kN, the piston is clamped by tightening the body-
locknut screw, which holds the pre-loading force. Two anvils
made of ZrO2, a material with excellent compressive strength,
are connected to the relevant locknuts by WC pistons. Under
FIG. 1. Main components of the hybrid piston-clamped anvil cell. The pusher (1),
made of WC, is used to load the cell. The body assembly and the upper and lower
cell locknuts (2) are made of age-hardened BeCu alloy (Berylco25®). The hole in
the longitudinal center of the body is used to fix the sample-gasket thermometer
and to inspect the correct alignment of the gasket during the loading. (3) and (4)
are two (non age-hardened) BeCu gaskets 0.8-mm thick resting on their respec-
tive centering supports made of Teflon. We chose three different hole sizes: small
(0.4 mm), intermediate (0.8 mm), and large (1.4 mm), of which the latter two are
shown. (5) Assembly of the top anvil and piston made of zirconium dioxide and
tungsten carbide, respectively. (6) Assembly of the bottom anvil and piston. Four
sputtered gold contacts are visible on the surface of the anvil, allowing the use of
the pressure cell without a feedthrough (one of the two possible variants).
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applied force, the anvils notch the BeCu gasket, with the notch
footprints matching the indenting anvil, whose diameters vary
between 1.2 and 4 mm. Finally, the BeCu gasket compresses
the pressure-transmitting medium (Daphne oil 7575) in which
the sample is immersed. Gaskets are provided with holes of
different internal diameters (0.4, 0.8, and 1.4 mm) and are
aligned to the 16-mm cell bore by means of a sliding fit (toler-
ance g6/H7) and a centering gasket-holder made of Teflon®,
the latter being fixed to the lower anvil. The correct gasket
alignment and locking are crucial to achieving high pressures.
An improved version of our setup may include a self-aligning
gasket-anvil system, similar to the Boehler-Almax design.30
The control of the sample temperature is achieved by adjust-
ing a helium flow, here acting as a cryogenic fluid, and an
electric heater glued on the outer surface of the cell body,
close to the inspection hole. A schematic representation of the
main components of the cell is presented in Fig. 2.
As for the electrical contacts to the RF coil, we devised
two different configurations, in order to compare the perfor-
mance of the layered contact vs. the feedthrough method for
contacting the leads. The first is based on sputtering gold con-
tacts onto the bottom anvil [see Fig. 3(a)], while the second
requires drilling of a tapered hole in the bottom anvil, act-
ing as a feedthrough for the leads [see Fig. 3(b)]. In the first
FIG. 2. Drawing of the pressure cell assembly. (1) Body of the pressure cell in age-
hardened BeCu. (2) Upper locknut of the pressure cell with a 10-mm bore for the
pusher (sliding fit precision required). (3) Lower locknut of the pressure cell with a
5-mm feedthrough for the leads. (4) WC top piston. (5) WC bottom piston with a
feedthrough of 2 mm of diameter. (6) Upper ZrO2 anvil. (7) Lower ZrO2 anvil with
a tapered bore, reduced from the outer 600 to the inner 300 nm in diameter, used
for the second configuration of the cell. The bore is sealed with Stycast 2850 FT®
epoxy mixed with diamond powder. (8) BeCu gasket. (9) Hole for gasket inspection
and thermometer installation.
FIG. 3. Two possible configurations for transmitting the electrical signals to and
from the RF micro-coil: (a) without and (b) with a feedthrough. In (a), coil leads are
glued with conductive silver epoxy to the gold electrodes sputtered on the surface
of the lower anvil. A thin Al2O3 layer insulates the lower side of the gasket. In (b),
coil leads pass through a tapered hole in the lower anvil. For clarity, geometric
proportions have not been preserved, in particular, those of the gasket and of the
RF micro-coil.
case, the bottom face of the gasket is protected by an insulat-
ing 1-µm-thick Al2O3 layer, which avoids short-circuits among
the four triangular-shaped 0.4-µm-thick gold contacts. Once
the photolithographic mask was drawn to define the elec-
trodes, the gasket surface was exposed to gold sputtering and
then cleaned by sonication in an acetone bath. The resulting
contacts are clearly delicate, but gold is regarded as one of
the best options, both due to its wear performance and to
its increased contact area under stress.15,31 The RF micro-
coil was then glued to the gold contacts using conductive
silver epoxy. Recently, an alternative configuration was pro-
posed, based on the so-called designer anvil, an anvil featuring
a metallic micro-channel located in its culet.32
Our second design employs a bottom anvil with a tapered
hole [narrowing from the top to bottom from 600 to 300 nm,
see Fig. 3(b)] for the leads that transmit the RF pulses and the
NMR signal to and from the coil. In this variant, after the intro-
duction of the leads, the tapered hole is sealed with Stycast
2850 FT epoxy mixed with fine diamond powder. This sec-
ond solution proved less delicate during cell preparation and
loading, although both configurations exhibit a non-negligible
failure rate. In the first case, this is due to the delicate con-
tacts between the micro-coil wires and the gold pads and to
possible damaging of the latter during cell loading. The second
configuration is fairly robust but, besides a longer preparation
time, the coil wires can still be damaged during the loading
protocol and, due to the difficulties in removing the epoxy
resin used to seal the tapered hole, the lower anvil can be used
only once.
We performed four test runs with the first- and six test
runs with the second configuration, obtaining two and four
failures during cell loading, respectively. A high failure rate
is typical of these kinds of experiments, yet future improved
designs are expected to lower the failure rate by making the
cell loading more practical.
The micro-coils (Shannon MicroCoil), located inside the
hole of the gasket, were fabricated by winding insulated cop-
per wires with a cross section of 30 µm. Considering the
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TABLE I. Key material properties at 293 K (room temperature). E = Young’s modulus; ν = Poisson’s ratio; σy = scalar von Mises stress; ρ = density; α = thermal expansion
coefficient; κT = thermal conductivity; c = specific heat. At low temperature (10 K), only Berylco25 and its age-hardened version show a 10% increase of E, as well as an increase
of 11% and 3% of σy , respectively.
Material Component E (GPa) ν σy (MPa) ρ (kg/m3) α (10−6 K−1) κT (W/m K) c (J/kg K)
WC39 Pistons 645 0.21 420 15 500 7.1 88 240
ZrO240 Anvils 250 0.28 500 5 680 8 2.3 460
Berylco2515,41 Gasket 119 0.3 900 8 250 17.3 84 418.7
Age-hardened Berylco25 Locknuts/body 127 0.3 1380 8 290 17.3 84 418.7
Stycast epoxy 2850FT42 Needle 7.5 0.36 60 2 400 35 1.25 1000
space constrains, they have a typical diameter of 400 µm and
a length of 500 µm and consist of about 15 ± 4 windings.
The Cu2O powder for the in situ pressure determination was
embedded in paraffin wax and inserted inside the micro-coil.
Finally, the bore of the gasket was filled with Daphne oil 7575,33
suitable for experiments up to 4 GPa.34 Considering the tiny
dimensions of the anvil-cell components, the cell preparation
operations had to be carried out under a microscope. For an
enhanced precision, the use of micro-manipulators is highly
recommended.
B. Thermo-mechanical finite element analysis
To evaluate the deformation of the gasket, whose main
purpose is to contain and compress the pressure transmit-
ting medium, a comprehensive FEA of the cell was performed.
In particular, the geometric model of the pressure cell was
drafted using Autodesk Inventor35 (see Fig. 2) and then dis-
cretized with ANSYS version 18.236 into 4-node brick elements
with an approximate mesh-grid size of 1 mm. Since the anvil
indentation is expected to produce sharp stress variations, a
finer mesh grid size of 0.1 mm was employed for modeling
the gasket. A linear thermoelastic constitutive model37 with
temperature-dependent coefficients was assigned to each
component, except for the gasket and anvils. Since the lat-
ter undergo plastic deformations during the experiments, an
elasto-plastic constitutive model38 was assigned to these two
components. This model is characterized by the von Mises
yield surface and isotropic hardening and assumes a post-
yield tangent modulus equal to 1‰ of the corresponding
elastic Young modulus. The material parameters reported in
Table I for T = 293 K and their slightly modified values at
10 K (see the caption of Table I) were employed to perform
the thermomechanical analysis.
The pressure cell, including the main dimensions and
boundary conditions, is shown schematically in Fig. 4. In order
to simulate the clamping force of the locking thread after
FIG. 4. (a) Longitudinal cross section of the pressure cell
showing the main dimensions in a load-free condition: h1 is
the total length; h2 is the distance between top and bottom
surfaces of the anvils; h3 is the free sliding length between
the upper locknut and the body, which are characterized
by frictionless contact; d1 is the maximum external diam-
eter of locknuts; d2 and d3 indicate locknut and pusher
diameters. (b) Top view of the gasket with main dimensions
(maximum size): for all the gasket sizes, the outer radius
r1 is equal to 4 mm, whilst, for the largest gasket, the inner
radius r3 is equal to 0.7 mm and the radius of the indented
region r2 is equal to 2 mm. (c) Mechanical boundary con-
ditions: the fully restrained support simulates the fixation of
the pressure cell, constrained by a stiff aluminum cylinder
(omitted in this picture); the frictionless contact condition
allows for the relative translation of the upper locknut and
body owing to piston pre-load. (d) Thermal boundary condi-
tions: convection and radiation simulate heat exchange with
the surroundings, whilst the imposed cryogenic temperature
takes into account the effect of a heater-thermometer cou-
pled system fixed on the outer surface of the body, close to
the inspection hole, to enhance the control of the sample
temperature. All the dimensions are in mm.
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FIG. 5. Temperature distribution in (a) the body-nut system and (b) the piston-anvil-
gasket system of the pressure cell, as resulting from thermal FEA at 10 K. The
temperature in the sample area is rather uniform, reflecting the stabilizing action
of the temperature controller. Elsewhere a gradient due to the upward helium flow
is observed, not exceeding 10 K over the entire length of the pressure cell. The
effect of temperature on the mechanical response of the cell is negligible.
preloading, corresponding to the cell configuration during
measurements, the mating body and upper locknut surfaces
were characterized by a frictionless contact, connected by a
generalized linear spring oriented along the axial direction,
and preloaded with a tensile force of 20 kN.
In order to simulate the heat exchange with the sur-
roundings, convective and radiative boundary conditions were
applied to the external surface of the pressure cell by consid-
ering a uniform convection coefficient of 10 W/m2K.43 Low-
temperature conditions were simulated by imposing a uni-
form temperature of 10 K, regarded as a typical experimental
scenario, on the inner cavity surface. The thermomechani-
cal response of the cell to stress was evaluated in two steps.
First, the stationary temperature distribution was computed
by solving the heat transfer equation across the whole volume
of the cell, taking into account the thermal boundary condition
presented in Fig. 4(d). Then, the thermal strains were recre-
ated as equivalent mechanical loads during the mechanical
FEA. In this regard, Fig. 5 provides an overview of the tempera-
ture distribution in the pressure cell. Figure 6 instead provides
a close-up view of the mechanical response of the gasket at
the end of the simulation.
The validity of the FEA calculations is confirmed by the
plastic deformation of the gasket at the anvil contact region.
Indeed, the calculated maximum indentation of about 0.17 mm
[Fig. 6(a)] agrees well with the experimental value of 0.20 mm,
measured with a scanning electron microscope (SEM) after
applying pressure. We recall that, at the contact region, the
equivalent von Mises stress exceeds the yield stress of the gas-
ket (900 MPa), as presented in Fig. 6(c). The simulation assures
also that the 0.4-mm wide RF micro-coil is not deformed dur-
ing cell loading, provided it is correctly centered and the pres-
sure is isotropic. In addition, simulations indicate also that
higher pressures are likely to be achieved by employing com-
posite gaskets, as previously reported.24 In this case, defining
the new geometric parameters and gasket properties should
be sufficient to estimate the final higher pressure.
III. IN SITU PRESSURE MEASUREMENTS VIA NQR
The NQR investigations included 63Cu (spin I = 3/2) line
shape measurements of Cu2O before and after each cell-
loading cycle, performed at 6 K (see Fig. 7). The zero-field sig-
nal was monitored by means of standard spin-echo sequences,
consisting in pi/2 and pi pulses of 2 and 4 µs, respectively,
with a recycle delay of 60 s. The NQR line shapes were
obtained via fast Fourier Transform (FFT) of the echo sig-
nal which, due to the high sensitivity of the 63Cu nucleus,
could be acquired using only 16 scans. In a detailed study,29
H. Fukazawa et al. reported on the pressure-dependent44 NQR
frequency νQ (MHz) of 63Cu in Cu2O up to 10 GPa at 1.6 K.
Here we use their calibration formula to determine the in situ
pressure values,29
νQ(p,T < 10 K) = A + Bp + Cp2, (1)
FIG. 6. Mechanical FEA of the gasket: (a) axial deformation; (b) equivalent plastic strain; (c) equivalent von Mises stress. FEA calculations predict an appreciable plastic
deformation of the gasket at the anvil contact region, with an indentation of about 0.17 mm, very close to the experimentally measured value of 0.20 mm. At this location, the
equivalent von Mises stress exceeds the yield stress of the gasket, here corresponding to 900 MPa.
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FIG. 7. 63Cu NQR signals in Cu2O measured at 6 K in different applied pressures
using a tapered feedthrough cell configuration. As expected, the NQR signal shifts
toward higher frequencies upon increasing pressure. The pressure values were
estimated by means of Eq. (1). Repeated measurements at 4.4 GPa indicate a per-
sistent double-horn feature in correspondence with the peak maximum. Most likely
this reflects a change in pressure character,15 from hydrostatic to increasingly
anisotropic between 3.6 and 4.4 GPa.
where p is measured in GPa, while A, B, and C are 26.82, 0.3736,
and −6.384 × 10−4, respectively. As indicated in Eq. (1), this
analytical relation is valid below 10 K, where νQ was shown
to be temperature independent. At pressures above 10 GPa, a
frequency saturation occurs. This formula represents a high-
pressure extension of a previous relation28 valid for pressures
below 2 GPa and verified over a wide temperature range (from
4 to 300 K). This lower-pressure formula,28
νQ(p,T < 10 K) = 26.82 + 0.402p − 1.496 × 10−4p2, (2)
is similar to Eq. (1). The three parameters implicitly contain the
temperature-dependence of νQ, since they are proportional
to the phonon distribution function ρ(T) = coth(hf l/2kBT)/2,28
according to the relations29
A(T) = 27.06 − 0.4762 ρ(T),
B(T) = 0.4154 − 0.02682 ρ(T), (3)
C(T) = −2.992 × 10−4ρ(T).
Here h and kB are the Planck and Boltzmann constants,
respectively, while f l is the low acoustic phonon frequency. In
the harmonic approximation of the quantum theory of vibra-
tions, one finds f l = 2.82 × 106 MHz,45 closely related to the
vibration frequency of Cu–O–Cu bonds. The latter provide
the dominant contribution to the electric field gradient (EFG)
tensor45 Vij = ∂2V/∂xi∂xj, where V(r) is the electrostatic
potential generated by the charge distribution of electrons
and nuclei. Conceptually the p-dependence of the quadrupole
resonance νQ can also be explained by assuming the valid-
ity of the point-charge model, a good approximation for the
Cu2O system. Under this assumption, the electric quadrupole
FIG. 8. 63Cu NQR resonance frequency in Cu2O vs. pressure, measured at
6 K. Pressure was determined by means of the calibration equation (1), gray
line. Diamonds and squares indicate data obtained by using the first and second
configuration, respectively. Colors refer to the different run numbers.
Hamiltonian is proportional to the Vzz term of the EFG ten-
sor, in turn proportional to the inverse of the unit cell vol-
ume vc.29 Consequently, apart from minor corrections due to
hybridization effects, νQ ∝ p since29
v0c
v
p
c
=
(
1 +
B1
B0
p
) 1/B1
, (4)
where v0c and v
p
c are the unit cell volumes of Cu2O at zero
and under applied pressure (in GPa), while B0 = 131 GPa and
B1 = 5.7 are the zero-pressure bulk modulus and its derivative,
respectively.46
The data shown in Figs. 7 and 8 were obtained by using
the hybrid cell in the second configuration, which comprises
a feedthrough in the bottom anvil, a ∅ 1.2-mm indenter, and
a gasket with a small hole (0.4 mm), the latter allowing us
to achieve higher pressure values. Compatible results were
obtained also by using the first configuration (where the coil
leads are in contact with gold electrodes). We recall that
4.4 GPa is the highest pressure achieved; pressures up to
about 4 GPa can be achieved routinely. Besides the Cu2O
test case, the hybrid cell in the second configuration (i.e.,
lower anvil with the feedthrough) was used also in real-case
scenarios, as, e.g., to measure the pressure-dependent 23Na
NMR signal in the Na2IrO3 honeycomb iridate,10 a candidate
quantum-spin-liquid material.
IV. CONCLUSION
We have successfully designed, produced, and tested a
new hybrid piston-clamped anvil cell, suitable for nuclear-
magnetic-resonance measurements up to 4.4 GPa. The
adopted finite-element analysis proved to be successful in
describing the thermomechanical response of the cell in
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typical experimental conditions. This approach, able to pre-
dict the thermo-mechanical behavior of complex systems,
represents an effective way to optimize the design of sim-
ilar devices. From this perspective, we prioritized here an
efficient design and thermo-mechanical simulation protocol
to the possibility of reaching very high pressures. In par-
ticular, our model predicts accurately the plastic deforma-
tion (i.e., indentation) of the gasket, thus offering a guideline
for future designs which may employ composite gaskets to
achieve higher pressures with no or minor deformations of the
coil. The pressure was monitored in situ by means of 63Cu NQR
in Cu2O. Compared to the ruby-fluorescence technique, this
method offers the advantage of admitting anvils made of any
hard material (typically ZrO2), thus dropping the constraint
of optical transparency, which imposes the use of diamond
anvils.
Our design combines the advantages of piston-clamped
systems, i.e., robustness and handiness, with those of anvil
cells, which allows us to achieve higher pressures. The
reported solution admittedly has its weaknesses, including the
delicate loading of the cell due to the small size of the inner
components, the fragility of the coil, and the connecting leads.
To overcome these limitations and achieve higher pressures,
above we provide hints for the development of improved sys-
tems. These include the reduction of the indenting diame-
ter of the anvil, the use of composite gaskets, and the use
of more advanced techniques for centering and fixing the
gasket.
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